ABSTRACT The synthesis of collagen by human aortic smooth muscle cells was studied after incubating the cells with [3HIproline and [3Hlglycine for 48 hr. The culture medium and cells were lyophilized dthen digested with cyanogen bromide (CNBr) in 70% (wt/vol) formic acid. The resultant peptides were subjected to ion exchange chromatography on CM-cellulose and gel filtration on agarose. On the basis of the molar ratios of the al(Il)CB8 and al(III)CB8 peptides of the al(I) and al (III) chains, approximately one quarter of the collagen synthesized by these cells was identified as type III and three quarters as type I. These data indicate that the smooth muscle can synthesize at least two types of collagen found in the arterial wall. MATERIAL AND METHODS Culture Techniques. Cultures of smooth muscle cells were established from explants of medial smooth muscle obtained from adult human aortas 4-6 hr postmortem. The method for isolating these cells in culture was similar to that of Ross (9), with the exception that the growth medium was supplemented with pooled adult human serum. McCoy's 5a modified medium (Gibco) containing 20% human serum (heat inactivated), 200 units/ml of penicillin, 200 ,g/ml of streptomycin, and 30 units/ml of mycostatin was used for culturing the explanted aortic smooth muscle. Thereafter, 10% human serum was employed for subculturing the smooth muscle cells. Culture medium was changed twice weekly. Only cultures between the third and sixth passage (1:2 split) and exhibiting morphologic 671 and growth characteristics reported for smooth muscle cells were used in these studies.
al(Il)CB8 and al(III)CB8 peptides of the al(I) and al (III) chains, approximately one quarter of the collagen synthesized by these cells was identified as type III and three quarters as type I. These data indicate that the smooth muscle can synthesize at least two types of collagen found in the arterial wall.
Evidence for the biosynthesis of collagen by vascular smooth muscle cells has been largely circumstantial. The ability of these cells to synthesize collagen was suggested initially by morphologic observations of collagen fibrils in close association with smooth muscle cells of the media of the arterial wall, an area in which these cells appear to be the sole type present (1) (2) (3) . Collagen fibrils were also seen in cultures of smooth muscle cells derived from medial explants of smooth muscle (4) . Recent studies have identified three genetically distinct collagens in the arterial wall: type I, composed of two al(I) chains and one a2 chain; type III, consisting of three identical al(III) chains; and type IV collagen, associated with basement membranes (5, 6) . It is uncertain which type(s) of collagen is synthesized by the vascular smooth muscle cell, because the arterial wall also contains endothelial cells and adventitial fibroblasts (3) . Preliminary studies by one of us indicated that cultured aortic smooth muscle cells derived from fetal aortas grown in the presence of 10% fetal calf serum synthesized only type I collagen (7) . Recently, Faris et al. (8) have reported the synthesis of radioactive peptide-bound hydroxyproline by cultured rabbit medial smooth muscle cells. We report here that cultured smooth muscle cells derived from adult human aortas synthesize both type I and type III collagens when grown in 10% adult human serum.
MATERIAL AND METHODS
Culture Techniques. Cultures of smooth muscle cells were established from explants of medial smooth muscle obtained from adult human aortas 4-6 hr postmortem. The method for isolating these cells in culture was similar to that of Ross (9) , with the exception that the growth medium was supplemented with pooled adult human serum. McCoy's 5a modified medium (Gibco) containing 20% human serum (heat inactivated), 200 units/ml of penicillin, 200 ,g/ml of streptomycin, and 30 units/ml of mycostatin was used for culturing the explanted aortic smooth muscle. Thereafter, 10% human serum was employed for subculturing the smooth muscle cells. Culture medium was changed twice weekly. Only cultures between the third and sixth passage (1:2 split) and exhibiting morphologic 671 and growth characteristics reported for smooth muscle cells were used in these studies.
Studies of Collagen Syntkesis. Dense (10) . The relative quantities of peptides present were compared by tracing the appropriate peaks onto paper, cutting out the traced outlines, and weighing the individual pieces (10) . Some samples were hydrolyzed in 6 M HCI for 24 hr at 1100 and analyzed for radioactive proline and hydroxyproline on a Beckman model 119 amino acid analyzer equipped with a stream-splitting device.
Electron Microscopy. For fine structural studies cultured smooth muscle cells were fixed in situ with 3% (vol/vol) glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. The cells were scraped from the flask and centrifuged at low speed to produce a loosely packed pellet. The cells were rinsed twice with phosphate buffer, post-stained in 1% osmium tetroxide/0. 1 M phosphate buffer for 4 hr, and then dehydrated in graded ethanols at room temperature. Samples were embedded in Spurr embedding medium (11) . Thin sections were cut on an LKB Ultratome III, and then stained with lead citrate and uranyl acetate. Fine structural evaluations were made using an RCA EMU-4 electron microscope.
RESULTS

Identification of Smooth Muscle
Cells. Preliminary studies indicated that pooled human serum gave maximal outgrowth of smooth muscle cells from medial smooth muscle explants. Fetal calf serum, bovine serum, and horse serum were much less effective in promoting cell growth. Although no detailed morphologic study was done, gross inspection by phase mi- rounded up into dense nodules of cells which could be seen readily with the unaided eye.
The fine structure of these cells was similar to the structures reported previously for guinea pig aortic (9) and human aortic (7, 12) smooth muscle cells (Fig. Ic) . The cytoplasm contained abundant myofilaments interspersed with dense bodies, osmophilic (presumably lipid) droplets, vesicles, mitochondria, and endoplasmic reticulum. Smooth muscle cells growing in multilayered mounds appeared to contain greater amounts of myofilament than those cells growing in less dense areas (Fig.  1c) . Although striated collagen fibrils were not apparent in these relatively short-term cultures, numerous fine filaments and amorphous material were observed between the cells. The population doubling time of human aortic smooth muscle cells grown under our culture conditions was about 35-40 hr, as compared to 23-24 hr for skin fibroblasts. Because the population doubling time of cultures of smooth muscle cells in the second and third passages was similar to the doubling times in the sixth and seventh pass (1:2 split), it was assumed that these cells were relatively homogeneous. Thus, the growth characteristics and fine structure of these cells confirmed that they were indeed aortic smooth muscle cells.
Characterization of the Collagens Synthesized. Preliminary studies indicated that collagen synthesis was low in both logarithmic phase cultures and in old cultures where the smooth muscle cells formed many visible nodules of cells. Therefore, only 2-week-old multilayered cultures of smooth muscle cells were used to maximize the amount of labeled collagen synthesized by these cells.
To determine the relative amounts of the different types of collagen synthesized, the cell layer and medium were combined, Iyophilized, and digested with CNBr. CM-cellulose chromatography of the CNBr-derived peptides of pooled me- (Fig. 2) . Further agarose chromatography of the CNBr peptides eluting at 500-700 ml (Fig. 2, (Fig. 3) . CM-cellulose chromatography resulted in a recovery of approximately 33% of the radioactivity of the peptide fraction eluted from desalting of the CNBr digests on aminoethyl Bio-Gel P-2. Subsequent gel filtration of the CNBr peptides isolated by CM-cellulose chromatography resulted in a recovery of about 72% of the radioactive peptides applied to the agarose column.
region II) separated al(III)-CB6 from fractions containing mixtures of al(III)-CB5 and al(I)-CB6 and of al(I)-CB4 and al(I)-CB5
Because agarose chromatography of fractions from region IV (Fig. 2) containing the al(I)-CB8 and al(III)-CB8 peptides generated relatively large and well-separated peaks (Fig. 4) , the ratio of these peptides was calculated for each sample and was used to determine the relative amounts of type I and type III collagens present in cultures of aortic smooth muscle cells. It was assumed that the molar ratio of the al(I)-CB8 and al(III)-CB8 peptides was the same as the ratio of the al(I) to al(III) chains. The relative amounts of al(I) and al(III) chains present in the samples, calculated on the basis of the areas of the al(I)-CB8 and al(III)-CB8 peaks (Fig. 4) , averaged 70% and 30%, respectively, in three different experiments using three different cell strains. Because ihe type I collagen molecule contains two al chains and type III collagen consists of three identical al polypeptide chains, the areas under the al(I)-CB8 and al(III)-CB8 peaks (Fig. 4) should be reduced to one half and one third, respectively. With this done, it was calculated that 77% of total collagen synthesized by cultured human smooth muscle cells was type I and 23% was type III collagen.
To determine the distribution of the two collagens between the cell layer and medium, lyophilized samples of medium and cells were digested with CNBr separately and chromatographed. CM-cellulose chromatography and subsequent agarose chromatography of the resultant peptides indicated that both type I and type III collagens were present in both the medium and cell layer (not shown).
Radioactive proline and hydroxyproline were determined in the al(I)-CB8 and al(III)-CB8 peptides. (18) .
The finding of 52% hydroxylation of the imino acids incorporated into al(I)-CB8 in vitro and of 59% for al(III)-CB8 correlates well with the 51% and 61% hydroxylation found for these peptides synthesized in vivo (18) . This indicates that the chromatography produced radioactive peptides free of noncollagenous contaminants and confirms the previously noted relatively higher degree of hydroxylation of imino acids in the al(III) chain. Proc. Nati. Acad. Sci. USA 74 (1977) 
